Abstract. The crystal morphology, growth faces as well as the structures of important facets of β-L-arabinose were simulated by BFDH, growth morphology(GM) and equilibrium morphology(EM) methods in this paper. By measuring the attachment energy and lattice energy of the crystal, the relative growth rates and morphology of the crystal is determined. Results show that the morphology of β-L-arabinose calculated by BFDH, GM and EM method is approximate rectangular parallelepiped, nearly cuboid and nearly spherical, respectively. The shape simulated by GM is consistent with the experimental crystal obtained by cooling crystallization. The {020} is the largest among all the facets calculated. Projection of the facet showed that there exists no hydroxyl group or hydrogen atom on the {020} facet, while some hydrogen atoms and a hydroxyl group appear on and outside the {101} facet. Conclusion: L-arabinose morphology can be modified by changing of standing layerthickness and the relative growth rate of {101} facet.
Introduction
Morphology is an important property of crystalline materials, which influences material properties such as bulk density, mechanical strength, agglomeration and mixing characteristics, as well as re-dissolution properties [1] . Accurate predictions on crystal morphologies before preparation can enhance the efficiency and then become more and more strongly desirable [2] . Many models have been used for morphology prediction, those models are built on the consideration of crystal structure (Bravais [3] -Friedel [4] -Donnay -Harker [5] model, BFDH), surface energies (Periodic Bond Chains theory (PBCs) [6] [7] [8] [9] [10] , and attachment energy theory (AE) [11, 12] . Despite these advances in morphology modeling, there are still significant challenges to overcome before been widely used [13] .
L-arabinose is a new functional low-caloric sugar with selective intestinal sucrase inhibition effect [14] [15] [16] [17] . It is the critical agent in the synthesis of antiviral drug Clevudine [18, 19] and Telbivudine [20, 21] , which is a potent anti-hepatitis B (HBV) agents. It also has great usage in tumor therapy [22] [23] [24] , chemistry [25, 26] , and biology field [27, 28] . L-arabinose is a colorless needle-like crystal. Duo to the fragility and difficulty in crystal-culturing, measuring of morphology by cultivating a large crystal is not so easy. In this paper, the crystal morphology and growth faces of β-L-arabinose were calculated by BFDH, growth morphology(GM) and equilibrium morphology(EM) method of Materials Studio 6.0 (Accelry Software Inc., San Diego, USA). Results show that the predicted morphologies by BFDH and GM method are in good consistency with the β-L-arabinose crystals obtained by cooling crystallization.
Theory and Computational Techniques
The crystal shape may be described by the interplanar spacing ( d hkl ), which is inversely proportional to the relative growth rates (R hkl ). The faces having larger R hkl narrow or even disappear, while the faces having smaller R hkl will gradually expand in the growth process and remain in the Crystal face finally.
The BFDH states that the morphological importance (MI) of a face is proportional to the interplanar spacingd hkl and the morphologically most important faces grow the slowest (Eq.1):
The BFDH estimates the morphology from the crystal symmetry and the lattice parameters to generate a list of possible growth faces and their relative growth rates. This method ignores the chemical nature, packing of the atoms and molecules that form the crystal. Thus, it is a weak approach to predict the crystal morphology, but provides the first habit prediction approach.
The PBCs theory, proposed by Hartman and Perdok [6] [7] [8] , assumes the presence of strong chemical bonds within the crystal. The underlying assumption that strong bonds form more easily and faster than that of weak bonds, and crystal growth only occurs when an uninterrupted chain of strong bonds is present within the crystal structure. The faces are categorized as flat faces, stepped faces, and kinked faces. The relationship between those faces is ( Eqs.2):
The PBCs considered the strength and stoichiometry of the solid-state intermolecular forces through calculation of the surface attachment energy, the energy released on the addition of a building unit to the growing crystal surface. The PBCs considerates unit cell parameters, fractional coordinates, and symmetry information of the crystal, thus obtain a crystal of more sophisticated than BFDH.
The AE explicitly includes the energetic interactions required to attach a new slice to the surface of crystal. It assumes that the R hkl is proportional to the attachment energy (E att ) -the energy released on the attachment of a growth slice to the growing crystal surface (Eq.3). According to the AE theory, faces with the lowest E att grow the slowest, therefore has highest MI.
Where E latt is the lattice energy, E slice the energy of a d hkl thickness growth slice. The AE theory assumes that the crystal surface is smooth, while in fact that surface relaxation exists in many crystals (especially inorganic crystals), indicating AE theory is only suitable for morphology prediction of organic compounds.
Experiment Crystal Chemistry of β-L-arabinose Crystal
For the single-crystal X-ray diffraction, a sample size of 0.15 × 0.15 × 0.15 mm was chosen and mounted on a Brucker Axis Spider CCD diffractometer, with ω /φ scan mode in the 2 θ range of 3.30-25.01. All measurements were performed at room temperature using graphite monochromatized Mo Ka radiation (λ=0.71073 Å). A total of 4740 reflections were collected( Table 1 ). The structure was solved by direct methods and refined using a full-matrix least square procedure on F 2 with SHELIXL-97 [29] . Anisotropic displacement parameters for all non-hydrogen atoms and isotropic temperature factors for hydrogen atoms were introduced. The structure and the unit cell ofβ-L-arabinoseis shown in The unit cell of β-L-arabinose( a = 4.8331 Å , b =6.5149 Å, c =19.440 Å, α= β= γ= 90.00°) is accordance with to previous reports [30] . It belongs to P2 1 2 1 2 1 space group, and the four molecules in the unit cell (Fig. 1b ) are located at: 
Morphology Prediction by MS
The crystal structure of L-arabinose was optimized by forcitemoduleswith "Fine" quality [31] . The simulation was conducted under such conditions: electronic charges were computed by "compass method" , and both the summation methods with a quality of "medium" were set to "Ewald". Results were compared with the natural crystal obtained from aqueous solution by cooling crystallization.
Results and Discussion

Morphology of β-L-arabinose Calculated by BFDH Method
The crystal shape of L-arabinose by BFDH method is approximate rectangular parallelepiped, with an aspect ratio of 2.552 (Fig. 2) . Face {020} is the largest facet and occupies 40.86% of the total area, followed by 33.68% of {110}, and 23.73% of {011}. Face {101} is the smallest facet that accounts 1.71% of the total area. The arrows in Fig. 2b represents the growth trends of varies faces based on the data obtained. Thearrowsdensityof the major crystal facet has no great difference.Among various growth face, D 020 is the smallest (10.273×10 -10 m), followed by . This is because the R 020 is the smallest, followed by R 110 , R 011 andR 101 . The faster the growth rate is, the larger the distance from the center to face and the smaller face area. Among all the crystal facet, {101} has the fastest growth rate while {020} has the slowest. The faces with the growth rate faster than R 101 growth very fast and will disappear from crystal facets. The actual crystal shape obtained from experiment by cooling crystallization was shown in Fig.3 .It is a little different from that calculated by BFDH (especially the aspect ratio), this is because the morphology calculated by BFDH is carry out in vacuum and it take no consider of the molecular energy, packing of L-arabinose atom. BFDH method also consider not the influence of solvent effect on morphology of L-arabinose. 
Morphology of β-L-arabinose Calculated by GM
The crystal shape of L-arabinose obtained by GM is consistent with that obtained by BFDH, with an aspect ratio of 3.165 (Fig.4) . With the multiplicity of 2, the {020} face has the largest percentage (48.68%). Both {110} and {011} have the multiplicity of 4, and occupy 25.39% and 24.32% of the total surface area, respectively. The area of {101} is 1.57%, closer to 1.71% of {101} calculated by BFDH. Two new facet, {111} and {11-1} formed compared with BFDH, but its' influence on crystal habit was negligible as the area is relatively too small (< 0.01%). The E att of {020}, {110}, {011}, and {101} were -35.786, -81.001, -90.044, and -110.587 kJ / ( mol· unit cell -1 ),
respectively. There exists an obvious difference between growth faces as calculated by GM (Fig.4b) . The intensity of arrow of the {020} face was significantly lower than both of the end faces, indicating {020} face has the lowest growth rate and becomes the biggest crystal facet finally. The R 110 and R 011 is larger than R 020 , and becomes the end facet of the crystal. The d hkl of {020}, {110}, {011}, and {101} were 9.595×10 -10 , 5.979×10 -10 , 4.644×10 -10 , and 3.809×10 -10 , respectively. This is consistent with the theory that the larger the d hkl is, the little the R hkl and the larger MIwill be. The crystal morphology calculated by GM method is nearly cuboid and is consistent with the crystal shape obtained in the aqueous crystallization.
Morphology of β-L-arabinose Calculated by EM
The crystal shape obtained by EM is approximately spherical, with the aspect ratio of 1.643. Face {020} and {021} is the largest face of the crystal(26.09% and 22.21% of the total area, respectively) (Fig.5) . The other 50 pairs of faces accounted 51.7% of the total surface area. Out of all the possible surface configurations, the one with the lowest surface energy dominates the habit facet. In which {020} face with the multiplicity of 2 has the lowest surface energy (0. 2979kJ/mol), indicating {020} face has the lowest growth rate and dominate the crystal facet finally. The arrows density in {020} and {021} face slightly below the density of end side faces, and the intensity of end side faces was approximately the same, indicating the growth rate of {020} and {021} faces were the slowest (Fig. 5b) . The crystal shape obtained by EM is nearly spherical, which is not consistent with the reality one, because the morphology obtained by EM is simulated at Zero K, while in realityit is obtained from aqueous solution at a temperature higher than room temperature. Table 3 .With the evolution of algorithms from simple to complex, the number of unique facet increased from 4 to 6 then to 52. What remain the same was the largest facet {020}. Details of face {020} were shown in Table 4 . (Figs.6a and 6b) . The thickness of the {020} facet deduced by GM is 6 molecular (Fig.6a) , while it is 22 molecular by EM (Fig.6b) . The thickness calculated by GM is far less than that deduced by EM, this is the reason why the distance and total facet area changed. We also found that there exists no active oxygen atom of {020} facet, which means that it can't form hydrogen bonds with the H atoms of surfactant (Figs.6a and 6b) . So, surfactant or tailor-made additives can't be adsorbed on the crystal surface {020}. However, surfactant or tailor-made additives may form hydrogen bonds with the fast growing facet such as {011} or {101}. As seen inFigs. 6c and 6d, there exist at least one hydroxyl group outside of the {101} face, and some hydrogen atom of hydroxyl groups on the face. The hydrogen atoms and hydroxyl on or outside of the face can form intermolecular hydrogen bond with tailor-made additives [32, 33] , which leads to occupy of crystal surface by tailor-made additives or solvent [2] . By occupying the crystal surface, the additives can delay or prohibit the solute to dock on crystal surface thus lead to the reduction of growth rate, meanwhile, the adhesion of additives on crystal surface will increase the standing layer thickness and bloke the mass transfer of solute from mother liquor to crystal surface, and ultimately achieve the purpose of controlling crystal habit.
Conclusion
(1)The morphology of β-L-arabinose calculated by BFDH, GM and EM method is approximate rectangular parallelepiped, nearly cuboid and nearly spherical, respectively. The shape simulated by GM is consistent with the experimental crystal obtained by cooling crystallization. The {020} is the largest among all the facets calculated,which accounts 40.86%,48.68% and 26.10%, respectively.
(2) Surfactant or tailor-made additives can't change the growth rate of R 020 as there exists no active hydroxyl group or hydrogen atom on {020}facet. However, a hydroxyl group is exposed outside of the {101} face, together with some hydrogen atom of hydroxyl groups, which can react with tailor-made additives or solvent and change the growth rate. Therefore, the purpose of controlling crystal habit is accomplished by the modifying standing layer thickness and the relative growth rate.
